The deoxyribonucleic acid (DNA) of competent wild-type Haemophilus influenzae and recl mutant cells contains single-strand regions, as judged by alkaline sucrose sedimentation, benzoylated naphthoylated diethylaminoethylcellulose fractionation, and digestion with an enzyme specific for single-strand regions in DNA. In contrast, the DNA of competent rec2 cells does not contain single-strand regions. Since transforming DNA does not associate with recipient DNA in the rec2 mutant as it does in wild type and recl, it is concluded that the single-strand regions in the DNA of the competent cells are important for an early step in recombination between cell DNA and transforming DNA.
single-strand regions in the DNA of the competent cells are important for an early step in recombination between cell DNA and transforming DNA.
Direct evidence for single-stranded deoxyribonucleic acid (DNA) precursors in recombination reactions comes from molecular studies on the mechanism of recombination during transformation. In the Diplococcus pneumoniae and Bacillus subtilis transformation systems, an eclipse in biological activity of transforming DNA exposed to competent cells (8, 29) has been correlated with the single-stranded or degraded nature of the transforming DNA molecules (7, 9, 13) . In the Haemophilus influenzae transformation system, however, the loss in biological activity of transforming DNA exposed to competent cells is only twofold (30) , and no single-stranded donor DNA has been detected during transformation (18) . Since the final product of recombination in all three systems is a heteroduplex molecule with donor and recipient DNA components (2, 9, 18) , integration of donor DNA into the recipient genome must occur by the incorporation of a single strand of donor DNA. An interesting question concerning the H. influenzae system is how specific pairing and integration occur in the absence of detectable single-strand intermediates.
The research reported here was undertaken to investigate the resident DNA in competent H. influenzae cells (recipient DNA) to determine if detectable physical structures might suggest how specific pairing takes place. Specifically, DNA synthesis during competence development was studied. Competence regimes (10, 27) have been devised which involve shifting expo-I Present address: Department of Biological Chemistry, Harvard Medical School, Boston, Mass. 02115. 2Present address: Department of Biology, Brookhaven National Laboratory, Upton, N.Y. 11973. nentially growing cells to a slow growth phase in defined media with aeration, during which a peak of competence appears. Either prolonged cessation of growth or the re-establishment of exponential growth causes a decay of the competent state (27) . Spencer and Herriott (27) have concluded that competence is induced under conditions that permit protein synthesis but suppress duplication. In the M-IV medium (10) , these conditions include high cell concentration, the presence of several amino acids, and the absence of essential growth factors such as nicotinamide adenine dinucleotide, pantothenate, and pyrimidine nucleosides. Several substances, probably affecting protein or nucleic acid synthesis, inhibit the development of competence, including chloramphenicol (27) , nicotinamide adenine dinucleotide (17) , inosine (17) , uracil (17) , and valine (27) . The DNA in competent cells is not being actively replicated. Evidence (25, 26) . Growth media and conditions of growth have been previously given (26) .
Preparation of competent cells. Wild-type or mutant cells were grown to an optical density at 675 nm (OD7,,) of 0.4. Cells were centrifuged, washed once with M-IV medium (10) , and resuspended at a concentration of about 8 x 108/ml in 2 ml of M-IV medium. Cells were incubated for 100 min at 37 C with vigorous aeration and used immediately for experiments.
Measurement of DNA content. The method of Ceriotti (6) was used. Ten milliliters of cells in M-IV medium, prepared as for competence development, was centrifuged and resuspended in 2 ml of 1 M NaCl and 10-2 M ethylenediaminetetraacetic acid (EDTA). The cells were lysed with 0.1% sodium dodecyl sulfate, incubated at 37 C for 15 min, and then frozen. To each 2-ml thawed sample 1 ml of 0.04% indole and 1 ml of concentrated HCl were added. The samples were vigorously shaken and put into a boiling water bath for 10 min. Samples were cooled to room temperature, 4 ml of chloroform was added, and the samples were again vigorously shaken. After the chloroform was thoroughly separated, the aqueous layer was removed and reextracted with chloroform two more times. Samples were read at 490 nm in a Beckman spectrophotometer. Velocity sedimentation. Cells at 0 C were washed and resuspended in ice-cold 10 mM Tris-hydrochloride (pH 7.6) and 1 mM EDTA to a final concentration of 0.5 x 109 to 109/ml. In a modification of the method of McGrath and Williams (15) , samples of 0.1 ml were layered in 0.1 ml of NaOH (0.5 N) on 5 to 20% sucrose gradients containing NaOH to pH 12.5 and 0.1 M NaCl. Tubes were centrifuged in a Beckman SW50.1 rotor in an L350 centrifuge at 30,000 rpm for 100 min at 20 C.
Estimation of molecular weights. Molecular weights were estimated with the aid of a computer program and a calibration previously described (23 BND-cellulose column chromatography. Benzoylated naphthoylated diethylaminoethyl (BND)-cellulose (Boeringher-Mannheim) was equilibrated with 0.3 M NaCl in 1 mM Tris-hydrochloride (pH 8.1) and 1 mM EDTA (referred to as 0.3 M NTE) and packed in a 2-ml glass syringe on a 0.5-cm disk of Miracloth (Chicopee Mills, Inc., New York). A sample was slowly applied in 10 ml of 0.3 M NTE and washed with 6 ml of the same solution. A gradient of 100 ml of 0.3 to 1.0 M NTE and 2% caffeine (prewarmed to 37 C) was applied with a flow rate of approximately 0.5 ml/min, and 2-ml fractions were collected. Samples of 0.1 ml were spotted on Whatman 17M filter paper strips and were processed and counted as above.
Labeling DNA with BrdUrd. DNA was fully labeled with [I4C JdThd as described above. SI endonuclease purification and digestion. S1 endonuclease from Aspergillus oryzae was purified from a-amylase (Sigma, crude type IV-A) according to the method of Sutton (28) . One-milliliter reaction mixtures contained a sample of labeled DNA in 30 mM sodium acetate buffer (pH 4.5), 1 mM ZnSO4, 0.2 M NaCl, and 20 Mg of sonicated and heat-denatured calf thymus DNA (Worthington). A 5-Ml amount of enzyme was added to the reaction mix at 0 C, and the tube was transferred to a 50 C water bath. Aliquots were removed and spotted on Whatman 3MM filter disks, and the disks were washed twice in 5% ice-cold trichloroacetic acid and twice in 95% ethanol, dried, and counted.
RESULTS
Increase in DNA during competence development. Table 1 shows the increase in DNA content in wild-type, recl, and rec2 cells during the 100 min of the M-IV competence regime. A relative increase in DNA of approximately 1.8 during competence development in wild-type cells is similar to the relative increase of 1.7 in the number of cells during this period (data not shown). Somewhat less increase in DNA content is seen in recl and rec2 cells during competence development. A slow growth phase is indicated during this period, since the normal doubling time for exponentially growing H. influenzae cells is approximately 35 min.
Incorporation of [3H]dThd. Figure 1 shows the incorporation of [3H]dThd by competent and exponentially growing H. influenzae wildtype cells. In competent cells, the incorporation is rapid and short-lived, compared to cells in exponential-phase growth. Furthermore, the incorporated counts remain in acid-precipitable form and do not decrease upon further incubation of the cells. Kinetics similar to those of wild type are also shown in Fig. 1 for competent cells of the recl and rec2 mutants, but the total incorporation into rec2 cells is more than into wild type.
The ribonucleoside inosine has been shown to enhance the incorporation of [3H ]dThd into exponentially growing H. influenzae cells (4), possibly by inhibiting the conversion of thymidine to thymine (22) . Table 2 shows that at high concentrations inosine decreases the magnitude Fig. 3 . It is seen that even at 15 s pulse-labeled DNA in competent rec2 cells sediments with the bulk of the prelabeled DNA, whereas little pulselabeled DNA in competent wild-type cells sediments with the prelabeled DNA. There are also clear differences in the proportion of fast-sedimenting pulse-labeled DNA by 30 s in the two strains. It is further apparent that a significant proportion of pulse-labeled DNA in both strains appears near the top of the gradient, sedimenting to a position representing about 2 x 10" to 4 WILD TYPE -LOG PHASE x 10" molecular weight. This material chases into faster-sedimenting DNA and is not observed after 10 min of labeling (Fig. 2) .
Pulse-chase experiments have indicated another significant difference between the DNA synthesized in competent cells and in exponentially growing cells. The slow-sedimenting DNA synthesized in competent wild-type cells does not rapidly chase into fast-sedimenting DNA upon incubation of the cells in non-radioactive M-IV medium. Figure 4 shows alkaline sucrose gradient profiles of DNA from competent wildtype cells pulse labeled in M-IV medium for Fig.  4 ). DNA pulse labeled in growth medium for 10 min cosediments with prelabeled DNA within 15 min of incubation in non-radioactive growth medium (data not shown). Pulse labeling of DNA throughout the 100 min of the M-IV competence regime shows that slow-sedimenting DNA is made initially, but only after 50 to 60 min does the pulse-labeled DNA not rapidly chase into fast-sedimenting DNA (data not shown).
BND-cellulose column chromatography. BND-cellulose column chromatography permits the separation of double-stranded DNA containing single-stranded regions from completely double-stranded DNA (12) . To SI nuclease digestion. Si nuclease from A. oryzae (1) degrades denatured DNA and singlestranded regions in double-stranded DNA, but has little effect on fully double-stranded DNA (28) . Figure 6 shows a control experiment in which the enzyme has no detectable effect on native H. influenzae DNA isolated from stationary-phase cells, but degrades approximately 97% of the same DNA which has been heat denatured. BND-cellulose fractions of completely double-stranded and partially singlestranded DNA isolated from competent, wildtype cells have been extensively dialyzed against 10 mM NaCl and treated with this enzyme. Table 3 shows some of the results of S1 nuclease digestion of these DNA preparations. shown to inhibit the conversion of thymidine to thymine in exponentially growing cells (4) . Inosine, which is not required for normal growth of H. influenzae in a defined medium (11) , is nevertheless essential during growth in defined (24) . Nevertheless, the presence of inosine in the M-IV medium inhibits competence development (17 The presence of single-stranded regions in the DNA synthesized during the competence regime could be simply attributed to exonucleolytic degradation at the site of single-strand nicks, enlarging the nicks into gaps and thus exposing the prelabeled template strand as single-stranded DNA. However, the use of an enzymatic probe selective for single-stranded DNA has shown that the pulse-labeled DNA is more susceptible to degradation than prelabeled DNA, indicating that the newly synthesized pieces of DNA are exposed as singlestranded regions. One interpretation of this result is that the labeled structure is the product of a single-strand displacement synthesis at the site of nicks in the newly synthesized DNA, as demonstrated in vitro for DNA polymerase I of Escherichia coli by Masamune and Richardson (16) . In this reaction, diagrammed in Fig. 9 , a nick in duplex DNA serves as a primer template for the polymerizing enzyme (a). New nucleotides are added covalently on the 3' terminus at the site of the nick while degradation takes place at the 5' terminus of the nick (b), thus translating the nick. After the addition of approximately 50 nucleotides, the 5' end of the primer strand is displaced rather than being degraded by the 5' -3' exonucleolytic activity of the polymerase (c). Masamune and Richardson (16) found that the newly synthesized DNA is susceptible to hydrolysis by exonuclease I, a single-strand-specific enzyme that degrades from a 3' terminus. They proposed that the originally displaced strand could replace the newly synthesized strand by a branch migration process (d) and that structures (c) and (d) were in equilibrium. Evidence for a branch migration process comes from the work of Lee et al. (14) . They found that single-stranded branches could migrate, breaking and reforming hydrogen bonds while displacing a single strand on the opposite side of a nick and resulting in a single-stranded branch of the opposite polarity. Hypothetical scheme for strand displacement synthesis and branch migration. arising due to the absence of essential growth factors in the M-IV competence medium. Synthesis at these replication point-like regions, halted either because of the absence of essential precursors for continued synthesis or because of degradation of the single-stranded ends and eventual resealing into the DNA duplex, could give rise to structures similar to those depicted in Fig. 9 (Fig. 1 ) may result from a number of such nicks that become replicating points on the chromosome. Similar incorporation is seen in competent rec2 cells (Fig. 1 ) and in noncompetent cells in M-IV medium (data not shown), both of which synthesize DNA of higher molecular weight than competent wild-type cells. Thus, there may be a similar number of replicating points in competent rec2 cells and noncompetent cells in M-IV, with faster sealing of newly synthesized DNA into DNA of high molecular weight. (ii) Velocity sedimentation of DNA pulsed for short times in competent cells (Fig. 3) shows a significant proportion of DNA sedimenting in a position similar to that of the newly synthesized fragments described by Okazaki et al. (21) . Such single-stranded pieces would not be expected to be synthesized during normal repair replication (20) and may be products of limited synthesis at new replicating points. (iii) The results of equilibrium sedimentation of BrdUrd-containing DNA indicate that DNA synthesis in competent cells is not semiconservative in that hybrid DNA is not formed. The density of the newly synthesized DNA is similar to that seen at a very early time in semiconservative DNA synthesis ( Fig. 7 and 8) , however, and may represent limited incorporation of the density isotope at halted replication points. (iv) The product of new synthesis in competent wild-type cells is partly exposed as single-stranded DNA to a single-strand-specific enzyme.
The possibility that the prelabeled DNA in competent cells (synthesized during exponential-phase growth) is also partly exposed as single-stranded DNA is not excluded. The absence of significant degradation by the Sl nuclease may be due to the low specific activity of the [I4C JdThd label in this DNA. Indeed, earlier experiments with a different DNA preparation (J. E. LeClerc and J. K. Setlow, In R. F. Grell (ed.), Mechanisms in Recombination, in press) showed some release of this label, which may have been due to differences in labeling conditions.
The involvement of DNA synthesis in transformation. Several lines of evidence suggest that single-stranded regions in DNA synthesized during the competence regime play a role in recombination reactions. No comparable single-stranded material is present in the DNA of exponentially growing cells, which do not bind DNA and become transformed. As cells become competent during the M-IV competence regime, low-molecular-weight DNA does not chase rapidly into high-molecular-weight DNA. The pyrimidine nucleoside inosine, at levels that do not affect the incorporation of [HH]dThd, inhibits both the development of competence and synthesis of low-molecularweight DNA (Mechanisms in Recombination, in press).
The most direct evidence that singlestranded regions in the DNA of competent cells are important in recombination comes from experiments with recombination-defective mutants of H. influenzae. The rec2 and recl strains, with respective recombination frequencies of 10-7 and 10-relative to that of the wild type, can be made fully competent, as judged by irreversible binding of DNA. However, only the competent recl cells synthesized DNA with features similar to those of wild type. The pulse-labeled DNA of competent rec2 cells does not contain comparable single-strand breaks, as judged by alkaline sucrose sedimentation, nor single-stranded regions, as judged by BND-cellulose chromatography. In strain rec2 there is little or no association between donor and recipient DNA following uptake into the competent cell, whereas donor DNA becomes covalently linked to recipient DNA in the wild-type and recl strains (19) . It is therefore possible that single-stranded regions in the DNA of competent cells are required for association of donor and recipient DNA in an early step in recombination, such as by providing pairing sites for association with incoming donor DNA. This interpretation implies an active role for DNA synthesis in transformation in providing a single-strand precursor for the recombination reaction. Such a role does not conflict with the relatively small amount of net DNA synthesis taking place during the competence regime, since DNA synthesis, proposed to take place at induced replication points, is limited and not semiconservative in nature. Further, DNA synthesis may not be required for integration of donor DNA, despite a proposed role in competence development. Replicative DNA synthesis is clearly not required for integration of donor DNA in competent H. influenzae (Mechanisms in Recombination, in press), although a role for repair DNA synthesis has not been excluded.
